Abstract-It has been found that after 300 h of operation of AMX and AMX-Sb anion-exchange membranes (Astom, Japan) in overlimiting current regimes in the process of electrodialysis desalination of 0.02 M NaCl, NH 4 Cl, NaH 2 PO 4 , and KC 4 H 5 O 6 (KHT) solutions, the limiting currents, , determined by graphic processing of current-voltage curves increase in the order NaCl < NaH 2 PO 4 < KHT. Their increments relative to those for the "fresh" membrane are 33, 90, and 128%, respectively. The growth in is accompanied by an increase in the thickness of the samples occurring in the NaH 2 PO 4 and KHT solutions. In the case of NH 4 Cl, the values of decrease. It has been shown that a small decrease in counterion transport numbers during membrane operation has almost no effect on the values of limiting currents. The main contribution to the increase in is apparently made by electroconvection, which develops according to the mechanism of electroosmosis of the first kind. Its development is facilitated by the growth in the number and size of freestanding micrometer-sized cavities on the surface of anion-exchange membranes, the area and linear dimensions of which increase in the order NaCl < NaH 2 PO 4 < KHT. These cavities are formed as a result of enhancement of electrochemical degradation of the ion-exchange material and the inert filler polyvinyl chloride at the membrane/solution interface in ampholyte solutions.
INTRODUCTION
Ampholytes are substances whose chemical structure and electrical charge depend on the pH of the medium due to their ability to participate in protonation-deprotonation reactions. The application of ionexchange membranes (IEM) as part of electrodialysis [1] [2] [3] [4] , dialysis [5] , and electrophoretic modules [6] or hybrid biomembrane reactors [7] , as well as combined units with ultrafiltration and ion-exchange membranes (electro-ultrafiltration) [8, 9] , to demineralization, concentration, and fractionation of ampholytes is particularly attractive, since it can make use of the difference not only in mobility between particles, but also in the sign and magnitude of their electric charge. Examples of such substances are anions of orthophosphoric acid, which are nutrients, and tartaric acid anions, which are a component of wine and juice. A number of studies have shown [4, [10] [11] [12] that the use of ion-exchange membranes (IEM) in electrodialysis processes for recovery of these substances from multicomponent solutions is often accompanied by a reduction in mechanical strength, a decrease in exchange capacity and electrical conductivity, and an increase in the diffusion permeability of membranes, as well as by the formation of colloidal particles and precipitation in membrane pores. These changes can be due to electrochemical degradation of ion-exchange materials [13] or their reactions with substances in the processed solutions [10, 12] .
The aim of this work is to study the effect of electrolyte type on the electrochemical degradation of the surface of homogeneous anion-exchange membranes made by the paste method. We will show that during the first 350 h of membrane operation in an underlimiting current regime, this degradation results in an increase in the geometric heterogeneity of the surface, thereby stimulating the effects beneficial for electrodialysis: the development of electroconvection and an increase in limiting-current values. 
EXPERIMENTAL
The study was conducted using homogeneous ionexchange membranes AMX and AMX-Sb (Astom, Japan) fabricated by the paste method. These membranes contain two interpenetrating phases, the styrene-divinylbenzene copolymer and grains of the inert filler polyvinyl chloride [14] of up to 100 nm in diameter. The fixed groups are quaternary ammonium bases and a small amount of secondary and tertiary amines [15] . The membranes in the swollen state have a wavy surface. This geometric heterogeneity is determined by the geometry of the polyvinyl chloride reinforcing fabric [16] . The height difference between the "hills" and "valleys" on the surface is 30 ± 5 μm (AMX) or 20 ± 5 μm (AMX-Sb) [16] .
An auxiliary membrane was the heterogeneous cation-exchange membrane MK-40 (Shchekinoazot, Russia) fabricated by hot pressing a mixture of micrograins of cation-exchange resin KU-2-8 and a highdensity polyethylene powder.
The working solutions were 0.02 M solutions of sodium chloride (NaCl) and ammonium (NH 4 Cl), as well as sodium dihydrogen phosphate (NaH 2 PO 4 ) and potassium hydrogen tartrate (KHT), which were prepared from the analytical-grade crystalline salts (manufactured by Vekton) and distilled water (electrical conductivity of 1.0 ± 0.1 μS cm −1 , pH 6.2 ± 0.2 at 25°С).
Before the experiments, the membranes were subjected to standard salt pretreatment [17] . The measurements were carried out at a temperature of 25 ± 1°C.
The membrane thickness was determined as the average of 20 values measured at different IEM sites using a MKTs 0-25 0.001 digital micrometer (Russia). The measurement error was 0.1 μm.
The surface of the swollen membranes was visualized using an SOPTOP CX40M optical microscope (China) equipped with a digital eyepiece USB camera (5×, 10×, 20×, and 50× magnification). The surface and cross-sections of dry membranes were examined with a Carl Zeiss MERLIN field-emission scanning electron microscope (Germany).
The integral diffusion permeability coefficient P of the membranes in NaCl solutions was determined in a flow-through two-compartment cell according to the procedure described in [18] .
The conductivity of the membranes in the NaCl solution was measured by the differential method using a clip cell [19] and a Motech MT4080 LCR meter (Taiwan) at a frequency of 1 kHz. The obtained concentration dependences of the specific electrical conductivity of the membranes and the equilibrium solution were presented in logarithmic coordinates, and the volume fraction f 2 of the intergel solution phase in the membrane was found from the slope of the straight lines obtained. According to the microheterogeneous model [20] in terms of which this parameters was found, this phase is formed by an electroneutral solutions (identical to the external solution) that fills the intergel spaces. The latter include the central part of meso-and macropores and structural defects of the membrane.
The counterion transport numbers in the membrane (T Cl in the case of NaCl solution) were calculated using the simplified membrane characterization procedure developed in [21] : (1) where κ is the specific electrical conductivity of the membrane and P* is the differential diffusion permeability coefficient of the membrane, which is related to the integral diffusion permeability coefficient P by the equation [22] : (2) Its values were found using the formula P* = P(β + 1) [23] . The value of β was determined from the slope of the concentration dependence of the integral diffusion permeability coefficient presented in logarithmic coordinates.
Total current-voltage characteristics (CVCs) were obtained in the galvanodynamic mode at a current sweep rate of 0.02 mA s −1 using the Autolab PGSTAT- A four-compartment electrochemical flow cell was used for the measurements. The setup and the cell are described in detail in [24] . The schematic of the cell is shown in Fig. 1 .
The intermembrane distance, h, was 6.6 mm; the flow velocity of the electrolyte solution, V, was 0.4 cm s −1 ; the area of the polarizable membrane section was 2 × 2 cm 2 ; and Luggin capillaries were located at a distance of about 0.8 mm from the membrane surfaces.
To be able to compare the current-voltage characteristics obtained in different electrolytes, we used reduced potential drop ∆ϕ′ instead of the total potential drop ∆ϕ [25] :
The effective resistance R ef (Ω cm 2 ) of the membrane system includes the ohmic resistance of the space (membrane + solution) between measuring Ag/AgCl electrodes, as well as the diffusion resistance of interphase boundaries and depleted and enriched diffusion layers. The value of R ef was found by extrapolating the initial part of the current-voltage curve ((i → 0) in the i-dϕ/di coordinates.
The limiting current that can be achieved in the absence of coupled effects of concentration polarization was calculated using the Lévêque equation obtained in terms of the two-dimensional convection-diffusion model [26] : (4) Here, L is the desalting channel length, C is the molar electrolyte concentration at the inlet to the desalting channel, T i is the effective transport number of the salt counterion in the membrane, D is the electrolyte diffusion coefficient, and t i is the electromigration transport number of the salt counterion in the solution at infinite dilution. The values of D and t i were taken as given in a handbook [27] . The values of T i were determined in separate experiments. In all cases, they were within 0.995-0.999 ± 0.002 for the 0.02 M electrolyte solutions. The calculated values of the limiting current, mA cm -2 , are as follows: 3.04 (NaCl), 2.85 (NH 4 Cl), 1.62 (NaH 2 PO 4 ), and 1.54 (KHT).
The value of the diffusion layer thickness for the conditions in which there are no coupled effects of concentration polarization was determined by combining Eq. (4) and the Peers equation:
These thickness values are as follows, μm: 258 (NaCl), 275 (NH 4 Cl), 225 (NaH 2 PO 4 ), and 239 (KHT). Figure 2 shows the current-voltage curves (CVCs) of the AMX membrane in 0.02 M solutions of various electrolytes. The numbers on the curves indicate the time, t, (in hours) during which the membrane was operated in the electrodialysis cell at currents above the limiting value prior to CVC measurement.
RESULTS AND DISCUSSION

Evolution of Current-Voltage Characteristics of the Membranes
In the case of the AMX membrane in NaCl (Fig. 2a ) and NH 4 Cl (Fig. 2b) solutions, the limiting current found by graphical processing of the current-voltage curves obtained for t = 0 h slightly exceeds the value of calculated by Lévêque equation (4) . The nature of this excess has been already discussed in [28] . It is due to the development of electroconvection via the mechanism of electroosmosis of the first kind. This development is promoted by the wavy surface of the AMX membrane and a relatively high charge of its surface [35, 38] . This phenomenon is discussed in more detail in Section 3.3.
An increase in the operation time of the anionexchange membrane in the NaCl solution to 24 h almost does not affect the value of . However, it increases noticeably if t reaches 300 h (Fig. 2a) . Operation of the same membrane in the NH 4 Cl solution ( Fig. 2b ) leads to a decrease in . In the case of NaH 2 PO 4 solution (Fig. 2c) , the CVC has two inclined plateaus, which are due to the protonationdeprotonation reactions of the counterion H 2 PO 4 − [24] . The values of the experimental limiting currents found from these plateaus in the interval of first 100-300 h of membrane operation in the overlimiting current regimes increase. After 1000 h of AMX operation in the NaH 2 PO 4 solution, the first CVC plateau disappears and of the second plateau decreases relative to that for the pristine membrane (t = 0 h). A similar behavior is observed for the AMX-Sb membrane. Analysis of these data leads to the conclusion that the ratio for both of the investigated membranes increases in the order: NH 4 Cl < NaCl < NaH 2 PO 4 < KHT.
To exclude from consideration the limiting-state formation specifics associated with the occurrence of protonation-deprotonation reactions in ampholytecontaining solutions and focus only on the factors responsible for the observed increase in limiting current, AMX-Sb membrane samples that had operated for different times in NaH 2 PO 4 and KHT solutions were equilibrated with a 0.02 M NaCl solution. The current-voltage curves obtained for the AMX-Sb membrane in this solution are shown in Fig. 3 . Table 1 summarizes the values of experimental limiting current obtained by graphic processing of these curves. From these data, it follows that in the case of anion-exchange membrane operation in NaCl solution for 300 h, the experimental limiting current increases by 33% compared to the pristine membrane, for which = 3.42 mA cm -2 ( / = 1.05). Operation in ampholyte solutions over the same time leads to an increase in by 90% (NaH 2 PO 4 ) or 128% (KHT). From the well-known Peers equation (5), it follows that for a given NaCl concentration, the limiting current in the membrane system can be determined by two parameters: the thickness of the depleted diffusion layer, δ, and the transport number of the electrolyte counterion, T i , in the membrane. Let us analyze which of these parameters has the greatest effect on the observed change in the limiting currents. 
Transport Numbers of Counterions
In the case of an anion-exchange membrane in NaCl solution, the transport number of the salt counterion, T Cl , is related to the transport numbers of the coions T Na and water splitting products T OH by the following equation: (6) Our previous studies [28] [29] [30] showed that at reduced potential drops (10-50 mV) that correspond to reaching the limiting state, the T OH values in the AMX and AMX-Sb membranes are negligible. The T Cl value found for these (unexposed to electric current) membranes in a 0.02 M solution is 0.999. Prolonged operation of the membranes in intense current regimes can lead to a change in both the exchange capacity and the bulk structure of the membrane and, hence, to a decrease in T Cl .
An indirect confirmation of a possible change in pore size is the dependence of the thickness of the AMX-Sb membrane on the time of its contact with the test solutions, as shown in Fig. 4 . In the case of NaCl, the thickness d of this homogeneous membrane almost does not vary with time. Apparently, its value is stabilized already at the stage of salt pretreatment of the samples after approximately 70-100 h of their stay in NaCl solution of a given concentration. When such samples get into a KHT or NaH 2 PO 4 solution, the AMX-Sb thickness intensively increases within the first 80-100 hours. Then, the d value stabilizes, but the membrane thickness increases again after 250-300 h of contact with these solutions. The observed growth is easy to explain if the fact that the hydration numbers of singly charged ampholyte anions are several times higher than the hydration number of the chloride ion: 2.3 ± 0.6 (Cl − ) [27] versus 14 ± 3
[31] and 15 ± 3 (HT − ) [32] , is taken into account.
Replacing the less hydrated chloride counterions (NaCl solution) with the strongly hydrated orthophosphoric and tartaric acid anions (NaH 2 PO 4 and KHT solutions) leads to an increase in the proportion of bound water and, accordingly, a decrease in the proportion of free water in the internal solution of the membranes under study [33] . As a result, the osmotic pressure in their pores increases, the elastic polymer matrix stretches, and the effective pore radii increase as compared with the membranes in contact with the NaCl solution. It is important to point out that the ion-exchange matrix of AMX and AMX-Sb membranes is a randomly crosslinked polymer [14] . Apparently, long-term (more than 250-300 h) contact with highly hydrated counterions leads to breaking of some -C-C-bonds in the most lightly crosslinked matrix regions of these homogeneous membranes. The appearance of larger pores promotes the disturbance of the established equilibrium and enhances membrane swelling up to their degradation, which, for example, is observed during prolonged electrodialysis of food industry liquid media [10] .
The growth of pore sizes leads to an increase in the value of f 2 , which is the volume fraction of the membrane occupied by the electroneutral solution in the central part of meso-and macropores, and to structural defects [20] . For AMX-Sb samples that operated for 300 h in solutions of various electrolytes and then were equilibrated with a NaCl solution, the values of f 2 are: 0.12 ± 0.01 (after operation in NaCl solution), 0.15 ± 0.01 (after operation in KHT solution), and 0.16 ± 0.01 (after operation in NaH 2 PO 4 solution). These data have been obtained from the concentration dependences of the electrical conductivity of the corresponding samples, two of which are presented in Fig. 5a . In the vicinity of the isoelectric conductivity points corresponding to the equality of the conductivities of the membrane, the solution, and the gel phase [20] , the conductivity of the sample operated in the NaH 2 PO 4 solution (sample 2 in Fig. 5a ) is lower than that of sample 1 (see Fig. 5a ) operated in the NaCl solution. According to the microheterogeneous model [20] , the gel phase having the volume fraction f 1 includes both the polymer matrix bearing charged fixed groups and the charged solution of mobile counterions (and, in a smaller amount, coions), which compensate for the charge of fixed groups. In the first approximation, the conductivity of the gel phase, is considered to be a constant value, which depends on the exchange capacity of the gel phase and the value of the counterion diffusion coefficient in it, (7) where F is the Faraday constant, R is the universal gas constant, T is the temperature, and z i is the counterion charge. The quantity is related to the membrane exchange capacity Q by = Q/f 1 . Thus, a decrease in suggests a decrease in values of and/or in the sample that was operated in the NaH 2 PO 4 solution. The decrease in the exchange capacity, for example, may be due to the degradation of fixed groups because of the higher pH of the internal solution of the membranes occurring in the NaH 2 PO 4 solution as compared to the NaCl solution [34] . A decrease in the exchange capacity leads to reducing the electrostatic (Donnan) exclusion of coions from the gel phase of the membrane [33] . This, as well as an increase in pore size, leads to an increase in the integral diffusion permeability coefficient of the membrane that was operated in the NaH 2 PO 4 solution (sample 2 in Fig. 5b ), compared with the one operated in the NaCl solution (sample 1 in Fig. 5b ). It should be noted, however, that changes in the structure and exchange capacity of the AMX-Sb membrane after its operation in overlimiting current regimes are not catastrophic. Calculations using Eq. (1) show that in the case of a concentrated (1 M) NaCl solution, the coion transport number, T Na , is as high as 0.08 ± 0.002 in sample 2 and four times less in sample 1 (Fig. 5c) . Accordingly, the counterion transport number, T Cl , is reduced to a value of 0.992 ± 0.002 (sample 2) versus 0.998 ± 0.002 (sample 1). From the estimates made by Eq. (4), it follows that in this case, an increase in the limiting current by 1.2% can be expected for sample 2 which was operated in the NaH 2 PO 4 solution, compared with κ,
Q
: μm sample 1 operated in the NaCl a solution. As the NaCl solution is diluted, the difference in transport numbers between samples 1 and 2 steadily decreases (Fig. 5c) . For the 0.02 M solution, extrapolation of the obtained concentration dependences of T Cl gives 0.999 (sample 1 after operation in NaCl solution) and 0.998 (sample 2 after operation in NaH 2 PO 4 solution). In this case, the increment in the experimental limiting current for samples 1 and 2 relative to that of the "fresh" membrane should not exceed 0.3%. At the same time, the limiting current found by graphical processing of the CVC obtained after 300 h of operation of the AMX-Sb membrane in NaH 2 PO 4 solution, increases by 90% (Table 2 ) compared with the current found for the "fresh" sample. This increment significantly exceeds the contribution that can be due to a change in T Cl . Thus, a more likely cause of the growth in is a decrease in the diffusion layer thickness.
Influence of Membrane Surface Properties on Diffusion Layer Thickness
It is known that the decrease in the diffusion layer thickness can be caused by electroconvective mixing of the solution at the membrane surface [35] , with the electroconvection developing via the mechanism of electroosmosis the first kind [36, 37] at small drops of the reduced potential (20-50 mV) that correspond to the attainment of the limiting state (Figs. 2, 3) . Its development is promoted by a high charge [38] and geometrical heterogeneity [29] of the membrane surface, in particular, the formation of micrometer-sized cavities on it [39] . Figure 6 shows SEM images of the surface of dry samples of AMX membranes that have operated for 24 h in 0.02 M NaCl and NH 4 Cl solutions. Figure 7 shows optical images of the surface of swollen AMX and AMX-Sb membrane samples before and after their operation in the process of electrodialysis desalination of 0.02 M NaCl, NH 4 Cl, NaH 2 PO 4 , and KHT solutions in overlimiting current regimes.
On the micrometer scale, the geometric heterogeneity of the surface of the pristine (not exposed to electric field) AMX and AMX-Sb membranes (insets in Figs. 7a, 7c) is mainly determined by the projections formed by the ion-exchange material and inert filler (PVC). These protrusions seem to be formed at the membrane fabrication stage.
In the case of AMX-Sb (Fig. 7c) , these protrusions are significantly larger compared to AMX. The surfaces of the samples that operated under intense current regimes contain cavities and cracks (Figs. 6a-6c, 7b, 7d-7f ), which are visualized as dark areas in the optical images. On the SEM images, which have been obtained with higher resolution than optical ones (Fig. 6) , it can be seen that the walls and bottom of the cavities consist of connected and separately located grains (Fig. 6b ), In the case of NaCl solution, these are free-standing, rather rarely located cavities having a shape close to spherical (Figs. 6a, 6b, 7d ). After membrane operation in the NH 4 Cl solution (Figs. 6b, 7c ), relatively shallow cavities merge into extended cracks with exfoliating flakes of the material from which the membrane was fabricated. In the case of NaH 2 PO 4 ( Fig. 7e) and KHT ( Fig. 7f ) solutions, these are separately spaced cavities fairly uniformly distributed over the membrane surface. Table 2 summarizes the results of determining the fraction of the surface occupied by micrometer-sized protuberances and cavities before and after using the AMX and AMX-Sb membranes in the electrodialysis desalination of 0.02 M solutions of various electrolytes. They were obtained by averaging the data of processing five contrasted optical images (Fig. 7) obtained at different sites of each sample using the dedicated software of the Soptop CX40M microscope. From the data in Table 2 , it follows that for a given operation time of the membranes under overlimiting current regimes, the fraction of the surface occupied by the cavities increases in the order: NaCl < NH 4 Cl < NaH 2 PO 4 < KHT.
The causes of the formation of cavities on the surface of membranes, made by the paste method, during their operation in intensive current regimes for desalination of strong electrolyte (NaCl) solutions have been considered in a number of papers [13, 15, 37, 40] . The formation of cavities on the surface of the ion-exchange membranes under investigation is schematized in Fig. 8 .
One of the main causes of the electrochemical degradation of an ion-exchange polymer is the nucleophilic attack of hydroxide ions, which are always present in aqueous solutions because of water splitting, on quaternary amines [13, 38] . 
In overlimiting current regimes, this effect is enhanced by high electric field strength (up to 2 × 10 8 V m −1 [41] ) at the membrane/solution interface and the generation of H + and OH − ions involving secondary and tertiary amino groups present in AMX and AMX-Sb membranes. In an alkaline medium, there can be proton detachment from the carbon atom in the α-position, which leads to the transformation of quaternary amines into tertiary and then secondary amines accompanied by the formation of byproducts, which are subjected to degradation in an electric field. These reactions are called the Stevens rearrangement [42] : (10) The result of such reactions is (a) the transformation of part of the quaternary ammonium groups into secondary and tertiary amines, as well as the elimination of fixed groups from the polymer matrix, and (b) the scission of carbon chains of the polymer matrix. These reactions ultimately lead to the degrada- 100 μm 100 μm 100 μm 100 μm 100 μm 100 μm 100 μm 100 μm 100 μm 100 μm 100 μm 100 μm 100 μm 100 μm 100 μm 100 μm 100 μm 100 μm
tion of the ion-exchange polymer. It is known [39, 43] that the presence of ampholytes in solutions enhances the generation of H + and OH − ions at the membrane/solution interface. Moreover, the rate constant of this reaction increases in the order: < < R-COO − [27, 44] , i.e., in the same order in which the proportion of cavities grows after the operation of membranes in NH 4 Cl < NaH 2 PO 4 < KHT solutions H PO − (the hydrogen tartrate ion contains two carboxyl groups). Apparently, it is the increase in the concentration of OH − ions formed at the membrane/solution interface in ampholyte-containing solutions that is the most responsible for the degradation of the ionexchange material. Hydroxide ions act not only on the ion-exchange material, but also on the inert binder PVC to form polyenes, which are black in color [45] . (11) Indirect evidence for the occurrence of this reaction is enhancement of the dark hues of the color of cavities in the order: NaCl < NH 4 Cl < NaH 2 PO 4 < KHT, as observed with an optical microscope (Fig. 7) . In addition, under the action of a high electric field strength, free radicals are formed on the PVC surface and subsequently initiate the breaking of macrochains to result in the formation of oxidation products [46] . These PVC grains, not bonded by the ion-exchange material, are washed away with the solution surrounding the membrane, which is another reason for the formation of cavities. Apparently, there are other factors unknown to us that are responsible for different morphology of the membranes operated under electric current in NaCl, NaH 2 PO 4 , KHT, and NH 4 Cl solutions. Revealing these factors requires further investigation.
The increase in the number and size of free-standing cavities in the order NaCl < NaH 2 PO 4 < KHT (Table 2 ) leads to enhancement, in the same order, of electroconvection developing via the mechanism of electroosmosis of the first kind [35] : the tangential electric force applied to the electrical double layer on the inclined walls of the cavities generate small paired vortices [28, 30, 39] . These vortices deliver fluid on the outside of cavities into motion, reducing the diffusion layer thickness. The consequence of this reduction is a more noticeable increase in after the operation of AMX and AMX-Sb membranes in NaH 2 PO 4 and KHT solutions compared to NaCl (Figs. 2a, 2c, 3 ; Table 1 ).
In shallow slitlike cavities, filled with flakes of exfoliated membrane material, which are characteristic of NH 4 Cl solutions (Figs. 6b, 7c) , the conditions for electroconvection deteriorate sharply. The limiting state on the protrusion and valleys of this rough surface seems to be attained at different currents. As a result, the transition to the plateau on the CVC is observed at lower currents, and the plateau slope increases (Fig. 2b) with an increase in the membrane operation time in intense current regimes. It can be assumed that longterm (1000 h or more) operation in NaH 2 PO 4 solution (Fig. 2c) [39] . Verification of these assumptions is the subject matter of further studies.
CONCLUSIONS
Long-time (from 20 to 300 h) operation of AMX and AMX-Sb anion-exchange membranes in overlimiting current regimes of the processes of desalination of 0.02 M sodium chloride, sodium dihydrogen phosphate, and potassium hydrogen tartrate solutions leads to an increase in the limiting current determined by graphical processing of current-voltage curves. Increments in this current relative to that for the "fresh" membrane increase with increasing membrane peration time to be 33% (NaCl), 90% (NaH 2 PO 4 ), and 128% (KHT) after 300 h. The results obtained explain the reason for the unequal values of the limiting current that are found in various literature sources for membranes made by the paste method.
From the analysis of the well-known Peers equation, it follows that the increment in can be due to (1) a decrease in the transport number of counterions in the membrane or (2) a decrease in the thickness of the diffusion layer.
To evaluate the contribution of each of these effects, samples that had been operated in solutions of the ampholytes NaH 2 PO 4 and KHT were equilibrated with NaCl solutions and their current-voltage characteristics were measured, as well as the concentration dependences of the electrical conductivity and diffusion permeability of the membranes under study, which were then used to determine the counterion transport numbers T Cl . Comparison of these data with those obtained on membranes that were operated for the same time in NaCl solutions showed that in 1 M NaCl solution, the T Cl value of the samples decreased from 0.998 to 0.992, a change that could cause an increase in the limiting current by 1.2%. The most likely reasons behind the decrease in counterion transport numbers of the membranes that have operated in the ampholyte solutions are the expansion of pores, which is caused by the long-term contact of the investigated membranes with highly hydrated H 2 PO 4 − and HT − anions, and partial loss of exchange capacity as a result of degradation of fixed groups in the more alkaline medium of internal solutions of the membranes than in the case of NaCl solutions. In a dilute 0.02 M NaCl solution, the difference in T Cl between the "fresh" membranes and the samples used in ampholyte solutions is so small that the increment in caused by their change should not exceed 1%.
The main reason for the growth of is the electroconvection-induced decrease in the diffusion layer thickness, wherein the electroconvection apparently develops via to the mechanism of electroosmosis of the first kind. Its development is facilitated by the growth in number and size of free-standing micronsized cavities on the surface of anion-exchange membranes, the area and linear dimensions of the cavities increasing in the order NaCl < NaH 2 PO 4 < KHT.
The formation of the cavities is due to the electrochemical degradation of the ion-exchange material and the inert filler (polyvinyl chloride) in the overlimiting current regimes. The formation of larger cavities compared with those in the NaCl solution is apparently due to the enhanced generation of hydroxide ions in the presence of the ampholytes NaH 2 PO 4 and KHT.
In solutions containing NH 4 Cl, an increase in the electrochemical surface degradation of the anionexchange membranes relative to that in NaCl solutions is also observed. However, a network of shallow slitlike cavities, which are filled with flakes of exfoliated ionexchange material, forms on the membrane surface in this case. This morphology apparently impedes the development of electroconvection, but it promotes the formation of stagnant zones. As a result, values decrease, not grow with an increase in the operation time of the anion-exchange membranes. Revealing the reasons behind the formation of cavities of different geometries in the case of NH 4 Cl and in the cases of NaH 2 PO 4 and KHT, as well as a quantitative assessment of the effect of this geometry on the development of electroconvection, requires further investigation, which is supposed to be done in the future. 
